Recent studies indicate that airborne bacteria follow biogeographical distributions that are influenced by the underlying terrestrial biomes. Nonetheless, dynamics of bacterial fluxes between different terrestrial biomes and the atmosphere and their implications for terrestrial ecology are not well understood. This study examined how season and three different terrestrial biomes affect the abundance of culturable bacteria with three types of plant growthpromoting traits (PGPTs; phosphate-solubilization, siderophore-production, indoleacetic acid production) in the lower atmosphere. Air samples (180 L) were collected onto Petri dishes containing one of three different agar media for cultivating bacteria with the above-named PGPT in replicates of five above three distinct terrestrial biomes (aspen-forest, sagebrushsteppe, and suburban; Pocatello, ID, USA). Air was sampled once per week for three consecutive weeks during each of four seasons (autumn 2014 to summer 2015). Sequence libraries (16S rRNA gene) were also generated from air collected at each site during each sampling event. All three types of bacteria were present in the lower atmosphere above all terrestrial biomes during all seasons, but their abundance (P \ 0.05) fluctuated with season, and the abundance of phosphate-solubilizers and siderophore-producers fluctuated with the interaction of biome and season (P \ 0.05). Cultured bacteria with PGPTs represented 13 families; these families were also represented by 28.3-61.3 % of sequences in each of the 36-sequence libraries derived from air samples. Results of this first survey of airborne bacteria with PGPTs provide evidence that they may be ubiquitous in the lower atmosphere through which their transport to new habitats, particularly those in early successional stages, may impact ecosystem development.
Introduction
Bacterial fluxes from plant surfaces and soils to the atmosphere are considered the greatest contributors to the airborne microbiome, which contains 10 4 -10 8 bacterial cells m -3 (Lighthart 2000; Bowers et al. 2011) , and are greatly influenced by meteorological factors (e.g., wind and precipitation) and human activities (e.g., sewage plant emissions; Lindemann et al. 1982 ). An estimated 40-1800 billion grams of bacteria are emitted into the atmosphere each year from terrestrial and aquatic environments that are variably distributed across the surface of the Earth (Burrows et al. 2009b) . The distribution of microbes in the troposphere obtains biogeographical patterns that mirror the distribution of the underlying biomes (Burrows et al. 2009a ). Long-term microbial biogeography studies have shown that soil microbial diversity is influenced by plant diversity (Zak et al. 2003) , environmental temperatures, precipitation patterns and plant productivity (Grayston et al. 2001) . As anthropogenic activities also alter microbial biogeography in terrestrial environments, microbial abundance, composition and biogeography in the atmosphere are likely to change in parallel.
The dispersal of specific microbes through the atmosphere has garnered attention, particularly with respect to pathogenic bacteria and fungi, which cause human and economically important crop diseases (Brown and Hovmøller 2002; Fraser et al. 1977) . However, the atmospheric transport of microbes to new habitats, where they can have positive effects on ecosystem development and productivity, has not been considered extensively (Saleem 2015) . Although a largely ignored part of the earliest stages of succession, airborne microbes are among the first colonists of severely disturbed terrestrial habitats (e.g., volcanic deposits and burned landscapes) and can influence the trajectory of ecosystem succession (Ferrenberg et al. 2013; Nemergut et al. 2007; Ohtonen et al. 1999) . In this regard, important functional groups of microbes are those with plant growth-promoting traits (PGPT). PGPTs include abilities to either directly or indirectly promote plant growth by synthesizing substances that enhance plant growth (e.g., indoleacetic acid and ethylene; Glick 2012), or assisting in nutrient acquisition from the surrounding environment (e.g., nitrogen fixation and iron sequestration; Glick 2012).
We hypothesize that bacteria with PGPTs are ubiquitous in the lower atmosphere, but their abundance may vary as a function of season and underlying terrestrial habitat, which also may control the overall composition of airborne bacteria. We examined the abundance of culturable bacteria within the lower atmosphere that possessed one of three PGPTs (phosphate-solubilization, indoleacetic acid-production, and siderophore-production) over three terrestrial biomes (aspen-forest, sagebrush-steppe, and suburban) during four seasons. Concurrently, we examined the total composition of airborne bacteria using cultivation-independent methods. We provide insights into how different terrestrial biomes, with varied land uses, may affect the composition of airborne bacteria and the abundance of bacteria with PGPTs, which potentially can be transported to new habitats where they can affect ecosystem development.
Materials and methods

Air sampling
Air samples were collected at three sites in or around Pocatello, ID, USA, in autumn (2014) Fig. 1 ). During each season, each site was sampled three times (ca. 1-week between samplings). At each site, air was sampled with the SAS-Super 180 facing northeast on the top of a ladder (3 m above the ground), at the same time of day (in the morning) at each site to facilitate comparative analyses. Prior to sampling at each site, meteorological data were collected (average wind speed, dew point, barometric pressure, temperature, and relative humidity; online resource 1) with a Kestrel 3500 (Kestrel Meters, Birmingham, MI) . Three different agar media, tryptic soy agar (TSA), Pikovskaya agar (PKA), and Luria-Bertani-Tryptophan (LBT), were used to quantify the abundance of bacteria with the three different PGPTs in air samples: siderophore-producers (S-producers), phosphate-solubilizers (P-solubilizers), and indoleacetic acid producers (IAA-producers), respectively. TSA was also used to quantify the total abundance of culturable mesophilic bacteria collected in air samples. Air samples (180 L per plate) were collected onto five PK plates, five LBT plates, and 10 TSA plates in random order at each site when sampling was conducted; this resulted in a total of 60 plates per season, per site. During the sampling period, air samples were collected onto the medium types in random order during the sampling period. At the midpoint of each sampling period at each site, air samples (1800 L per plate) were collected onto two agar plates, in succession, which were overlaid with autoclaved 0.2-lm pore-size polycarbonate membranes (EMD Millipore, Darmstadt, Germany). These membranes were removed from plates immediately after sampling (no microbes cultivated) and stored at -20°C until DNA extraction was performed for subsequent bacterial 16S rRNA gene amplification and sequencing to determine the total bacterial composition of the air sampled at the sites. At the laboratory, plates for cultivating and quantifying bacteria with PGPTs were sealed with Parafilm, inverted, and stored for 1 week at room temperature. Total bacterial and bacteria with PGPTs counts were performed 7 days after air sampling.
Assay conditions for detecting PGPT
All types of agar media were autoclaved on a liquid cycle for a sterilization time of 20 min at 121°C and then amended with cycloheximide (50 mg mL -1 ; Sigma-Aldrich) to inhibit the growth of fungi. TSA (15 g L -1 ; Sigma-Aldrich) was used for total colony counts because it is suitable for growing a diversity of mesophilic bacteria. TSA is also used to cultivate S-producers. The overlay-chrome azurol S (O-CAS) was completed to detect and quantify the abundance of S-producers cultivated from air samples on TSA (Pérez-Miranda et al. 2007) . Total bacterial counts were recorded from each TSA plate 7 days after sampling, prior to performing the O-CAS assay, which was conducted by overlaying the original growth medium with agar containing blue dye solution [60.5 mg chrome azurol S (CAS), 72.9 mg hexadecyltriethyl ammonium bromide (HDMTA), and 1 mM FeCl 3 Á6H 2 O in 10 mL of 10 mM HCl; Abbas Akbari et al. 2007; Neilands and Leong 1986] . The overlay medium contained piperazine-1,4-bis(2-ethanesulfonic acid (PIPES, 30.24 g L -1 , Sigma-Aldrich)) and agarose (0.9 %). Overlay medium and blue dye mixture were autoclaved separately and combined, and 20 mL was pipetted onto each plate for the O-CAS assay. After 15 min, but no more than 1 h, color change was observed in the overlaid medium surrounding colonies that were producing siderophores. A change from blue to purple represented catecholate production and a color change from blue to orange represented hydroxamate production by bacterial colonies. Bacillus cereus, which produces hydroxamate, was used as a positive control. Overlay medium was also pipetted onto a sterile TSA plate to assure that color changes could be attributed to siderophoreproduction by the bacteria and not the medium.
IAA-producer assays were completed on LBT plates [15 g L -1 Luria-Bertani agar (Acros), 5 mM tryptophan (Sigma-Aldrich)]. After 4 days of incubation, sterile 0.22-lm nitrocellulose membranes (ThermoScientific, Waltham, MA) were placed on top of colonies growing on the LBT plates allowing them to grow into the membranes. On day 7 of incubation, the membranes were removed and placed into glass dishes with the biomass facing upwards, and plate counts were taken again. Membranes were then saturated with Salkowski reagent (1.2 % FeCl 3 in 37 % sulfuric acid) and incubated for 1 h as previously described (Bric et al. 1991) ; IAA production was indicated by a red halo around bacterial colonies. The counts of IAAproducers were recorded (Bric et al. 1991) .
The P-solubilizing bacteria assays were performed 7 days after air sampling. PKA (31.3 g L -1 Pikovskaya Agar, Sigma-Aldrich) plates were observed for zones of clearing in the media around colonies, indicating that the colony was solubilizing phosphate from the insoluble calcium phosphate in the medium, which makes the medium cloudy (Pikovskaya 1948) . Total colony counts were recorded for each plate as well as the number of colonies with zones of clearing. Bacillus cereus, a known P-solubilizer, was used as a positive control for this assay, and a sterile plate was used as a negative control.
Bacterial isolate selection and identification
During each season, S-producers, P-solubilizers, and IAA-producers with diverse colony morphologies were selected and purified from each site. A total of 37 isolates were collected over the sampling year, 12 from autumn, 7 from winter, 9 from spring, and 11 from summer (Table 2) . Isolates were streaked onto TSA medium and purified. Isolates were then transferred to tryptic soy broth (TSB, 15 g L -1 ; SigmaAldrich) to propagate biomass for DNA extraction and cryopreservation in 25 % glycerol at -80°C. DNA was extracted from selected bacterial isolates with the MoBio UltraClean Microbial DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA), following the protocol of the manufacturer and stored at -20°C.
To taxonomically classify the 37 cultures with PGPT, 16S rRNA gene fragments were PCR-amplified in triplicate from each of the DNA extracts and prepared for Sanger sequencing at the Molecular Research Core Facility (MRCF; Idaho State University, Pocatello, ID, USA). PCR amplification was performed with primers 27F and 1492R (Lane 1991) in 20 lL reactions; each reaction contained 0.02 units lL -1 of Phusion Polymerase (New England Biolabs, Ipswich, MA), 19 Phusion HF Buffer (New England Biolabs, Ipswich, MA), 10 mM dNTPs, 0.4 mM of each primer, and 3 % dimethyl sulfoxide. Thermal cycling was performed in an Eppendorf Mastercycler proS (Eppendorf, Westbury, NY) with the following program: denaturation at 98°C for 30 s followed by 30 cycles of 98°C for 15 s, 64°C for 15 s, 72°C for 30 s, with a final extension of 72°C for 5 min. PCR products were pooled from triplicate reactions to determine successful amplification by gel electrophoresis (1 % agarose gel in Tris-acetate-EDTA buffer) and visualization with ethidium bromide staining. Pooled products were purified with the Qiagen MinElute PCR Cleanup Kit (Qiagen, Valencia, CA). Quantified DNA products were finally sequenced with an Applied Biosystems 3130XL Genetic Analyzer (Life Technologies Laboratory, Grand Island, NY). Bidirectional reads were assembled with Sequencher 4.7 (Gene Codes Corporation, Ann Arbor, MI), and a nucleotide BLAST (Altschul et al. 1990 (Altschul et al. , 1997 analysis was conducted to classify each isolate taxonomically.
2.4 DNA extractions from air samples DNA was extracted from polycarbonate membranes impacted with air samples by aseptically cutting the membranes into two pieces and placing each one into a bead-beating tube from the FastDNA soil extraction kit (MP Biomedicals, Solon, OH). DNA extraction was performed using the FastDNA soil extraction kit following the protocol of the manufacturer, with the exception that homogenization was performed for 70 s in step 4. Upon DNA elution (25 lL), duplicate extractions were combined and the DNA was purified with steps 16-22 of the MoBio PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA). An autoclaved membrane was used as a control for extractions to ensure that DNA was extracted from the air sampled onto the membranes and not introduced via microbial contamination during the extraction process. Purified DNA extracts were stored at -20°C.
16S rRNA gene amplification, sequencing, and analysis
Bacterial 16S rRNA gene fragments were polymerase chain reaction (PCR)-amplified in triplicate with 515F and 806R barcoded primers (Caporaso et al. 2011 ) from each of the 36 DNA extracts from air samples. Each 25 lL reaction contained 0.4 lM of each primer and 2.59 HotMasterMix solution (5 PRIME, Inc., Gaithersburg, MD). PCR was performed in an Eppendorf Mastercycler proS (Eppendorf, Westbury, NY) with the following thermal cycling program: initial denaturation at 94°C for 3 min followed by 32 cycles of 94°C for 3 min, 50°C for 1 min, 72°C for 1:45 min, and a final extension of 72°C for 10 min. Triplicate PCR products were pooled to determine successful amplification by gel electrophoresis (1 % agarose gel in Tris-acetate-EDTA buffer) and visualization with ethidium bromide staining. Pooled products were purified with Qiagen MinElute PCR Cleanup Kit (Qiagen, Valencia, CA). Sequencing of each barcoded 16S rRNA gene PCR product was conducted with the Illumina MiSeq (Illumina, San Diego, CA) at the MRCF. The barcoded sequence libraries were trimmed, examined for quality, and analyzed with the software package ''MOTHUR'' version 1.34.3 (Schloss et al. 2009 ). Contigs were made using forward and reverse FASTQ files, and sequences that were B239 or C260 were eliminated from the libraries. Sequences that contained ambiguous bases, [2 mismatches to primers,[1 mismatch to a barcode or homopolymers ([7 bases) were removed from the dataset. Chimeras were detected with the UCHIME algorithm (Huse et al. 2010 ) and removed from the dataset. Sequences were aligned against the SILVA bacterial 16S rRNA gene reference alignment (Pruesse et al. 2007 ). Operational taxonomic units (OTU) were clustered at C97 % similarity, using the average neighbor algorithm.
The 36 sequence libraries were normalized to contain the same number of sequences (n = 40,115) prior to all comparative analyses among sampling sites and seasons. OTU-based rarefaction curves for each sample were calculated using 1000 sampling iterations in the MOTHUR software package. All sequences were taxonomically classified using the Ribosomal Database Project (RDP) Classifier (Wang et al. 2007) within MOTHUR with the confidence thresholds set at C80 %.
Statistical analysis
Repeated-measure ANOVAs (RM-ANOVA) (Aho 2013) were computed within the R environment (version 3.2.3, R Core Team 2015), relying on the ANOVA function from the package car (Fox and Weisberg 2011) , to determine whether culturable colony counts for each PGPT assay differed depending on weeks, sites, and seasons over the course of the year. Random factors (site:weeks, season:weeks, and weeks) were adjusted for sphericity using the GreenhouseGeisser epsilon (Greenhouse and Geisser 1959) .
Bray-Curtis distance matrices were generated based on the OTU-level-based relative abundances (Bray and Curtis 1957) . The matrices were used to generate non-metric multidimensional scaling (NMDS) ordinations to determine whether airborne microbial communities clustered by sampling site and season. These analyses relied on the 'vegan' package (Oksanen et al. 2013 ) within the R environment (version 3.2.2, R Development Core Team 2011). Permutational tests were used to determine whether the communities corresponding to treatments within the ordination were identical.
Results
Abundance of total bacteria and bacteria
with PGPT Across all sampling campaigns, total bacterial counts on TSA ranged from 0 to 88 CFU per air Aerobiologia (2017) 33:137-149 141 sample (180 L). Counts of bacteria with PGPTs and total CFU counts on TSA were affected by season, site, weeks, and the interaction of season and weeks (P \ 0.01, Table 2 ; Fig. 2 ). Air samples cultured from all sites contained P-solubilizers, S-producers, and IAA-producers, and the abundance of those three groups did not differ among sites (P [ 0.05 in all instances, Table 1 ). Overall, autumn had the highest abundance of P-solubilizers and S-producers, while summer had the highest abundance of IAA-producers ( Table 2 ). The percent of bacterial colonies cultivated on LBT that were IAA-producers ranged from 0 to 7.97 % ( Table 2 ). The abundance of IAA-producers correlated with the following factors: season (F 3, 48 = 8.25, P \ 0.0001), weeks sampled during the season (F 2.85, 96.85 = 3.34, P \ 0.01), interaction of site and weeks (F 4.85, 96 .85 = 1.07, P \ 0.01), and interaction of season and weeks (F 6.95, 96 .85 = 5.20, P \ 0.0001). The interaction of site and season had no observed significant difference (P [ 0.05) on the abundance of IAA-producers (Fig. 2a) . P-solubilizers comprised 2.8-22.7 % of the bacterial colonies cultivated on PKA (Table 2 ). The abundance of P-solubilizers correlated with the following factors: season (F 3, 48 = 11.2, P \ 0.0001), weeks sampled during the season (F 6.71, 96 .71 = 5.18, P \ 0.0001), interaction of site and weeks (F 4.71, 96 .71 = 2.80, P \ 0.01), and interaction of site and season (F 6, 6 = 2.80, P \ 0.01; Fig. 2b ).
S-producers comprised 7.7-43.9 % of the bacterial colonies cultivated on TSA ( Table 2 ). The abundance of S-producers correlated with two factors: season (F 3, 48 = 4.35, P \ 0.001) and weeks sampled during the season (F 2.83, 96.83 = 7.43, P \ 0.001). S-producer abundance was not related to the interaction of site and season (F 6, 6 = 1.33, P [ 0.05; Fig. 2c ), the interaction of sites and weeks, or the interaction of weeks and season (P [ 0.05 in both instances).
Bacterial composition of air samples
A two-dimensional NMDS plot (stress = 0.1470) based on the OTU composition of the 36-16S rRNA 4.3 ± 5.00 2.8 ± 3.52 18.0 ± 26.80 14.5 ± 13.29
3.2 ± 5.23 9.9 ± 11.58 7.0 ± 7.90 17.5 ± 22.60 11.5 ± 18.83
5.4 ± 9.09
13.4 ± 7.00 S-producers 24.8 ± 26.96 10.6 ± 10.00 9.8 ± 3.23 7.7 ± 11.09 33.5 ± 17.65 13.2 ± 17.68 8.5 ± 1. (Fig. 3) . Air samples collected during autumn from all sites clustered together with the exception of one site. Permutational analyses indicated that community composition was correlated with season (P \ 0.001, R 2 = 0.5568). Ellipses on the ordination plot delineate 95 % confidence regions for the true cluster centroid (Fig. 3) .
Six phyla were present over the year at all sites: Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and Proteobacteria (Fig. 4) . The relative abundance of those phyla shifted across seasons. Proteobacteria composed the largest percentage of the sequence libraries from the aspenforest site in autumn (42 %) and summer (37 %), whereas Firmicutes composed the largest percent in the winter (35 %) and Actinobacteria composed the largest percent in the spring (31 %). At the sagebrushsteppe site, Proteobacteria dominated the libraries from autumn (68 %), spring (30 %), and summer (47 %); during winter, Firmicutes (33 %) composed the largest percent of phyla. Additionally, Proteobacteria composed the largest percentage of the autumn (63 %), winter (38 %), and summer (55 %) sequence libraries from the suburban site, but during spring, Actinobacteria (29 %) dominated the libraries.
Richness across all 36-sequence libraries ranged from 204 to 840 OTU's (online resource 2). Species richness in the sequence libraries from all three sites shifted across seasons (online resource 2). The aspenforest site had the greatest richness in the summer and lowest in the autumn. The sagebrush-steppe site had the greatest richness in winter and the lowest in autumn. The suburban site had the greatest richness in autumn and lowest in summer (online resource 2). Rarefaction curves for each of the 36-sequence libraries are in online resource 3.
Isolates
The 37 bacterial isolates with PGPT were members of 13 families: Pseudomonadaceae, Staphylococcaceae, Enterobacteriaceae, Bacillaceae, Micrococcaceae, Flavobacteriaceae, Streptomycetaceae, Microbacteriaceae, Coxiellaceae, Moraxellaceae, Paenibacillaceae, Brevibacteriaceae, and Nocardiopsaceae (online resource 4). The most abundant family represented in the isolate collections from all three sites was Bacillaceae (9-17 %), followed by Micrococcaceae (8-17 %). The P-solubilizing isolates were dominated by the Microbacteriaceae, while the S-producers were dominated by the Bacillaceae, and the IAA-producers were dominated by the Micrococcaceae. Family-based analysis of the 36-16S rRNA gene libraries indicated that families of the isolates with PGPT represented 28.3-61.3 % of sequences in each of the 36-sequence libraries derived from air samples (Fig. 5) . At all sites, the lowest relative abundance of those families was observed in the autumn libraries, but abundance increased in winter and then declined over spring and summer (Fig. 5) . On average, air collected above the aspen-forest site had the highest number of families known to contain plant growth-promoting bacteria, whereas air collected above the suburban site had the lowest.
Discussion
We used cultivation-based methods to explore how abundant bacteria with three PGPTs are within the lower atmosphere over three terrestrial biomes, and how their abundance may shift in conjunction with the Fig. 3 NMDS plot of bacterial OTU composition of the 36-16S rRNA gene sequence libraries generated from air samples, based on the Bray-Curtis dissimilarity measure. Letters denote the location where the air sample was collected: AF aspen-forest, SS sagebrush-steppe, S suburban; numbers indicate the week where the air sample was collected: 1-3 autumn, 4-6 winter, 7-9 spring and 10-12 summer. Ellipses on the ordination plot delineate 95 % confidence regions for the true cluster centroid, and the lines connect libraries generated from air samples collected during the same season overall composition of airborne bacteria across seasons using DNA-based methods. Our results indicated that although the abundance of bacteria with PGPT in the lower atmosphere was affected primarily by season, they were present during all seasons above the three sampling sites (aspen-forest, sagebrushsteppe, and suburban). Air sampling site, alone, had no effect on the abundance of bacteria with PGPTs, which was mirrored by the lack of obvious compositional differences among 16S rRNA gene libraries from the three sites (Figs. 3, 4) . Womack et al. (2010) hypothesized that biodiversity of atmospheric microbes exhibited biogeographical patterns; however, few studies aim to understand the spatial and temporal scales in which this pattern occurs, or how well those patterns mirror the spatial distribution of vegetation and soils. In this study, simultaneous sampling of sites was not possible, but sites were sampled successively, and at the same time of day for each effort. This allowed for comparison across sampling times, but may have masked site differences in our datasets, especially because there are known diurnal variations in bacterial fluxes from surface environments to the lower atmosphere (Lighthart 1997) . Future studies that simultaneously examine the bacterial communities over larger spatial scales could provide further insights into whether the geographical closeness of our sites contributed to the similarities in bacterial composition and abundance of bacteria with PGPTs observed.
Bacteria with PGPTs were present above all three sites during all seasons, but their abundance was significantly affected by season (Table 1 ). All three types of were most abundant in autumn and were least abundant in spring (Table 2) . CFU counts on TSA also displayed seasonal trends, but those counts did not always correlate with the trends observed for each of the three PGPTs. According to CFU counts on TSA media, autumn and winter had the lowest number of CFUs, whereas spring and summer had the highest. These findings are similar, in part, to previous reports of airborne bacterial concentrations being greatest during autumn and summer and least during winter and spring (Kelly and Pady 1953; Bovallius et al. 1978) . Additionally, our results indicated that air samples collected during summer contained the greatest abundance of IAA-producers, whereas P-solubilizers and S-producers were most abundant during autumn (Table 2 ). These variations in total CFU counts and the abundance of bacteria with PGPT may be partly attributed to culture bias, but also to our lack of understanding in how underlying terrestrial biomes contribute to the abundance of bacteria with specific PGPT relative to overall bacterial abundance, which may not be directly correlated in all seasons as the underlying vegetation goes through growth and senescence.
Although site alone did not correlate with the abundance of bacteria with PGPT in the lower atmosphere, the interaction between site and season had a significant effect on the abundance of P-solubilizers (Fig. 2) . Abundance of P-solubilizers is greater during the spring at the sagebrush-steppe site and lower during summer, while the opposite occurred at the other two sites. At all three sites, the same trends in abundance of IAA-producers were observed over the sampling year. Seasonal effects on the abundance of IAA-producers were observed; abundance increased significantly from spring to summer. Abundance of S-producers fluctuated with the interaction of site and season, but was not significant. Trends in our surveyed abundance of bacteria with PGPT revealed that autumn and summer had the greatest amount of IAA-producers, S-producers, and P-solubilizers, which paralleled previously noted trends in airborne bacterial concentrations being greatest during those two seasons (Lindemann et al. 1982) . Because soil is nearly always covered by plant material, we hypothesize that seasonal variation in the abundance of bacteria with PGPT in the lower atmosphere may be associated with vegetation. Additionally, each site was dominated by different plant species, which are likely to harbor varying abundances and species of epiphytic bacteria that also may contribute to variations in the abundance of bacteria with PGPT in air across seasons (Table 2 ; Fig. 2) .
Bacteria with PGPT that were isolated in culture belonged to 13 bacterial families, and these families were represented by 28-61 % of the 16S rRNA gene sequences in the libraries generated during this study (Fig. 5) . These percentages may not reflect the actual percentage of bacteria with PGPT in the atmosphere above the sites because not every member of those families is likely to be capable of promoting plant growth. Additionally, this study surveyed for only three PGPTs (phosphate-solubilization, siderophoreproduction, and indoleacetic acid production) because of time and assay-expense limitations, and more families containing plant growth-promoting bacteria may have been identified if a survey had included additional PGPT (e.g., cyanide production, nitrogen fixation and ACC deaminase production). Despite these limitations, our results demonstrated that the isolates with PGPT were from families that comprised relatively large fractions of the sequence libraries and that families containing known plant growth-promoting bacteria are consistently present above all three sites during all seasons.
Plant growth-promoting bacteria have been well studied to understand specific plant-microbe interactions, develop techniques for their isolation and identification, and quantification of excreted plant growth-promoting substances (Glick 2012; Bric et al. 1991; Compant et al. 2009 ); however, no dedicated survey has been conducted to determine the abundance of bacteria with PGPTs within the rhizosphere or phyllosphere. Considering that soil and plants are primary sources of microbes into the atmosphere, we constructed our hypothesis with the knowledge that bacteria with PGPTs have been isolated from soil and plant surfaces and are likely commonly transported through the atmosphere. Indeed, several of the bacteria with PGPT that were isolated from air are representative of plant growth-promoting bacteria that are known to commonly occur in association with plants and soils. As the atmosphere is a harsh environment with rapidly changing conditions, it is not surprising that a spore-forming genus, Bacillus, was the most common genus isolated from our assays. Over half of our isolates had adaptations for surviving harsh atmospheric conditions; in addition to spore formation, some were pigmented or pleomorphic.
A couple of our isolates, specifically Bacillus spp., are strains of bacteria that have been previously isolated from the phyllosphere, rhizosphere, or soil and are known for plant growth promotion. Bacillus subtilis has demonstrated the ability to produce antibiotics and induced systemic resistance (Kloepper et al. 2004) . A Bacillus pumilus strain was isolated, and this species has been studied for successful capability to producing fungal cell-wall degrading enzymes (Nielsen and Sørensen 1997) . Moreover, Mengoni et al. (2003) observed that culturable communities from endophytic aerobic bacteria from stem and root tissues of two elm trees (Ulmus laevis and a hybrid elm clone ''Lobel'' [(U. glabra Huds. 9 U. wallichiana Planch.) 9 U. 9 hollandica 'Wredei']) were dominated by the genera Bacillus, Curtobacterium, Enterobacter, Pseudomonas, Stenotrophomonas, Enterobacter, and Staphylococcus. Most of those genera also were isolated from our assays (online resource 4). Furthermore, Mengoni et al. (2003) reported that Bacillus and Curtobacterium species were more abundant in the warmer months, which is consistent with our survey as well (online resource 4). To understand the fluxes of these isolated airborne bacteria with PGPTs from terrestrial biomes, a more extensive study would need to be conducted to examine the abundance of these taxa on plants in relation to their abundance in the overlying atmosphere.
At the three sampling sites in and around the Pocatello area, we demonstrated that bacteria with PGPTs are present in the overlying atmosphere during all seasons. Season had a more significant effect on the abundance of bacteria with PGPTs than underlying terrestrial biome, and paralleled fluctuations in percent composition of airborne phyla and families as determined by 16S rRNA gene sequencing. These findings provide insights into the total bacterial diversity of the overlying atmosphere as well as land-atmosphere fluxes of bacteria with PGPTs, specifically. Bacteria with PGPTs that are consistently present and viable within the lower atmosphere have the potential to contribute to ecosystem development as they reach disturbed landscapes (e.g., volcanic deposits and burned land) in early successional stages. As the human population grows and the expansion of urbanization into untouched habitats continues, microbial communities, both terrestrial and airborne, will be altered, perhaps affecting ecosystem development in neighboring ecosystems. This is the first study to look at the presence of bacteria with PGPTs within the lower atmosphere, and by continuing to study microbial fluxes between terrestrial biomes the atmosphere, we can better understand how localized conditions and alterations of one surface environment can have influences at a larger scale.
